The inner surface of fused-silica capillaries has been coated with a dense/homogeneous coating of commercial multi-wall carbon nanotubes (MWCNTs) using a stable ink as deposit precursor. Solubilization of the MWCNTs was achieved in water/ethanol/ dimethylformamide by the action of a surfactant, which can switch between a neutral or an ionic form depending on the pH of the medium, which thus becomes the driving force for the entire deposition process. Careful control of the experimental conditions has allowed us to selectively deposit CNTs on the inner surface of insulating silica capillaries by a simple, reproducible, and easily adaptable method.
INTRODUCTION
Due to their exceptional properties in a wide variety of fields, carbon nanomaterials have attracted substantial attention. Carbon nanotubes (CNTs) and graphene in particular show great promise in applications as varied as solid phase separation, sensors and actuators, catalysts and catalysts support, and materials for energy storage. Due to their production volume, such nanomaterials cannot be envisaged for high-volume applications in which a large amount of sample would be required. Nevertheless, consumerend and miniaturized devices offer an attractive alternative for the development of new configurations, which may outperform already existing devices. In this respect, the field of microreactor technology and microfluidics have experienced a noticeable boost due to significant improvements in the design of flow devices (de Mello, 2006; Whitesides, 2006) as well as a deeper understanding of chemical transformations within confined regions (Yoshida et al., 2005; Hartman and Jensen, 2009; Hartman et al., 2011; Hessel et al., 2013) . However, the implementation of microreactors as a competitive alternative depends highly upon the ability to deliver functional stationary phases within the microchannel confines (Peterson, 2005) . To achieve this particular target, new strategies must still be developed in order to enable the generation of homogeneous coatings with the desired thickness throughout the microfluidic pipes without obstructing the system. Among the many applications, which are currently being explored for the implementation of carbon nanomaterials-based systems and devices, we may find the preparation of conducting fibers in order to improve their durability (Xiang et al., 2012) , the development of laser-resistant coatings (Bhandavat et al., 2013) , the fabrication of films for heat transfer enhancement (Sujith Kumar et al., 2014) , or the synthesis of materials capable of acting as sensors (García-Aguilar et al., 2014) or biosensors (Papper et al., 2013) . All these applications have in common that they require the deposition of a film or coating as homogeneous as possible on a suitable substrate, which in turn ultimately depends on the preparation of stable carbon nanomaterials suspensions. Concerning the preparation of suspensions, the literature presents many solvents, which have been employed in order to obtain suitable CNT suspensions, including ethanol, acetone, benzene, chloroform, N,N -dimethylformamide (DMF), isopropanol, tetrahydrofuran (THF), or toluene (Gábor et al., 2007) . Given that chemical processes have nowadays a growing tendency to become "green," the solvent of choice for any application should be water. Given their chemical nature, carbon-based nanomaterials show very poor dispersability in water. To overcome this problem, two main strategies have been reported in the literature: some authors have observed that the use of polymers, which combine a polar end (which may interact with water) with a non-polar end (which may interact with the carbon surface) in combination with a water-soluble polymer gives rise to stable suspensions of CNTs (or "inks," as the authors point out) (Bravo-Sanchez et al., 2010; García-Aguilar et al., 2014) . On the other hand, and so as not to introduce a large amount of surfactant species in the suspensions, other authors have made use of the surface chemistry of carbon nanomaterials, modifying their functional groups with a strong acid such as HNO 3 or HNO 3 /H 2 SO 4 mixtures, which in turn led to the preparation of stable suspensions, which are pH sensitive. Oxidized CNTs may be dispersed in water under neutral to alkaline www.frontiersin.org pH due to the presence of acidic O-containing groups such as carboxylic acids, lactones, or phenols. At alkaline pH values, these groups release their acidic protons to give negatively charged CNTs where water molecules may easily disrupt the π-π stacking interactions, leading to the CNTs dispersion in the solvent (Thomas et al., 2005) . Acidifying the solution leads to CNT coagulation due to the neutralization of these charges, as we have recently reported (Sanchís et al., 2014) . However, some authors reported the possibility of obtaining stable suspensions of functionalized CNTs under low pH values after undergoing harsh oxidation treatments (Lee et al., 2009) . The explanation for this phenomenon may be the presence of defects on the surface of the CNTs apart from the surface oxygen groups due to an aggressive oxidative treatment.
The present work addresses the preparation of CNT coatings inside microcapillary tubes using stable dispersions. A recent review points out the urge for further developments in the preparation procedures as well as understanding of the fundamentals in order to fully understand and develop the potential for carbon nanomaterials-based coatings in microenvironments (Mogensen and Kutter, 2012) . Concerning the controlled preparation of CNT films or coatings on conventional devices, there are many examples in the literature using macroscopic or even patterned substrates. The two main techniques, which have hitherto been used are chemical vapor deposition (CVD) along with its variant plasmaenhanced chemical vapor deposition (PECVD) (Franklin and Dai, 2000; Berenguer-Murcia et al., 2009; Kumar and Ando, 2010) and electrophoretic deposition (EPD) (Gao et al., 2001; Boccaccini et al., 2006; Padmarj et al., 2009) . While CVD would in principle be best suited for its adaptation in microdevices, there are several drawbacks that should be considered: (i) concerning the distribution of the catalytically active phase, achieving a homogenous distribution may not be straightforward in geometries more complex than flat (patterned or unpatterned) surfaces, which in turn raises the issue of how CNTs will grow in complex architectures due to inhomogeneous temperature and/or flow distribution and (ii) the range of temperatures used in the CNT preparation (in the range between 350 and 800°C) may affect the integrity of the reactor material, making it unsuitable for polymeric materials. Furthermore, in some cases, the requirement for additional post-treatment to either remove the metals present in native CNTs (purification) or grafting a supported catalyst may become a complicated step due to low accessibility and the corrosive action of acidic solutions used during purification.
Our group recently reported the preparation of homogeneous CNT deposits in the inner surface of commercial fused-silica capillary tubes by using a simple electrochemically assisted method for the precipitation of functionalized and Pd-decorated multi-wall carbon nanotubes (MWCNTs) from a stable dispersion (Sanchís et al., 2014) . In this work, we aim to further explore and expand the possibilities of preparing CNT coatings by modifying them using a new family of materials known as "switchable" surfactants (Liu et al., 2006) , whose surface chemical properties can be reversibly altered by the application of a trigger, allowing for reversibly stabilized dispersions. This switchability can be triggered by adding redox reagents, applying UV light, or, as is the case in this paper, altering the pH of the dispersion (Fowler et al., 2012) . By using a suitable surfactant in a dilute solution, not only is it possible to prepare stable MWCNT suspensions but also to use them in a simple set-up for the deposition of controlled CNT coatings by which the bundling interactions, which hold the CNTs together may be easily overcome. It must be highlighted that contrary to our previous report, this particular methodology would not be limited by the geometry of the support (which in our case lies in the microscale) but could be easily scaled up to any given system in which we could homogeneously generate a pH shift. Our results indicate that by using a simple synthetic route, it is possible to prepare stable CNT suspensions, which may be applied in the preparation of CNT deposits by increasing the local pH inside an insulating capillary tube.
MATERIALS AND METHODS

SWITCHABLE SURFACTANT SYNTHESIS
The synthesis of the switchable surfactant N -(4-decylphenyl)-N,N -dimethylacetamidine (DPDMA) was carried out as described in Fowler et al. (2012) . In a general synthesis, 1 g of 4-decylaniline and 0.62 g of N,N -dimethylacetamide dimethylacetal were introduced in a round-bottom flask. The flask is heated at 60°C and swirled gently for 30 min to favor the mixing of the two reagents. Vacuum was then applied to remove the methanol that is generated upon reaction of the two precursors to give the switchable surfactant. The resulting product was an orange-yellow viscous liquid, which was transferred to an amber flask, sealed, and stored for further use under lightless conditions.
PREPARATION OF MWCNTs SUSPENSION
Commercial multi-walled CNTs (MWCNT, NanoBlack, Columbian Chemicals Co.) with an average diameter of 14 nm and lengths ranging from few hundred nanometers to several microns, and a measured BET area of 253 m 2 g −1 (Domínguez-Domínguez et al., 2008) were used to prepare the inks described in this study. To prepare stable MWCNTs dispersions, the following steps were followed (as depicted in Scheme 1).
(1) A 0.5 mM solution of DPDMA in water was prepared (39 mg of DPDMA in 250 mL of water). (2) An aliquot (160 mL) of this solution was transferred to a separate flask and CO 2 was bubbled through this solution for 20 min in order to "activate" the DPDMA (see Figure 1 ). Under these conditions, in which the solvent is in contact with an atmosphere which is composed mostly of CO 2 , the pH is assumed to be between 4.5 and 5.0. Under acidic conditions, the acetamidine function of the molecule becomes protonated, and upon the formation of the bicarbonate salt the polymer becomes soluble in water. This behavior was evidenced by the absence of any turbidity and foam formation after approximately 10 min of bubbling CO 2 through the solution. (3) 160 mg of MWCNTs were added to the homogeneous solution of DPDMA and the mixture was sonicated in an ultrasound bath for a few minutes. CO 2 was bubbled through the suspension for 30 more minutes after sonication. (4) The resulting suspension was sonicated by means of an ultrasound probe (Bandelin Sonoplus GM2200) operating at a power of 100 W for two 30-s intervals. (5) The resulting dispersion was centrifuged for 10 min at 4000 rpm in order to sediment all the MWCNTs, which
Frontiers in Materials | Carbon-Based Materials SCHEME 1 | Flow chart depicting the protocol for the preparation of MWCNTs suspensions. Note that the numbers indicate each representative step as detailed in the "Materials and Methods" section above.
FIGURE 1 | Scheme depicting the two forms of the switchable surfactant N -(4-decylphenyl)-N,N -dimethylacetamidine (DPDMA).
Left: water soluble form under acidic pH; right: organic soluble form under basic or neutral pH.
had not been dispersed properly by the action of the active DPDMA. (6) The top liquid layer (which corresponded to almost the totality of the initial aliquot volume) was separated and taken to a rotavapor at 60°C where the volume was reduced to 5-6 mL. (7) The resulting dispersion was centrifuged again for 10 min at 4000 rpm. This suspension was then stored in a sealed glass jar for further use. (8) The concentration of the resulting MWCNTs suspension was determined by UV-Vis spectrophotometry. For the estimation of the concentration, the π-plasmon band in UV analysis (245 nm) was used. The MWCNT dispersions were diluted 1:35 v/v in ultra-pure water and the UV-Vis-NIR spectrum was obtained in a JASCO (V-670) spectrophotometer. The difference between the absorbance at 1300 nm (taken as the baseline) and 350 nm was used as the defining parameter. This value multiplied by a factor 1.085 -the slope of the obtained calibration curve -gives a good estimate of the real concentration in milligram per milliliter, as we have reported elsewhere (Sanchís et al., 2014) .
ELECTROCHEMICALLY ASSISTED MWCNT DEPOSITION
Deposition of the MWCNTs from the suspension prepared as described previously was carried in a set-up adapted from the one we reported earlier (Sanchís et al., 2014 ). An electrochemical column-shaped glass cell (10 cm long; 1.5 cm inner diameter) sealed by rubber septa at both ends was employed in this study. Commercial fused-silica capillary tubes, which are normally used for chromatography (Agilent, 250 µm inner diameter), were used as received without any further conditioning. Capillary tube segments employed were typically between 18 and 23 cm long. One end of the capillary tube was fixed to a syringe by means of epoxy adhesive, to allow its filling and emptying by using the syringe plunger, and then was inserted in the electrochemical cell through the upper septum. A Pd wire (Good fellow, 0.050 mm diameter) was passed through the whole length of the capillary segment, exiting the cell through the lower septum. Copper self-adhesive tape was used to immobilize the tip of the Pd inner electrode, providing a good fixation point for the electric contact. A coiled Pt wire (Good-fellow, 1.0 mm diameter) acted as the auxiliaryouter -electrode. The lower end of the capillary tube was set to almost reach the bottom of the glass cell, lying only a few millimeters away from both the septum and the outer electrode. In the present configuration, a very small volume (1-2 mL) of the MWCNT aqueous dispersion was required. Once the components were placed as indicated in Figure 2 , a DC power source (Phywe) was connected to the electrodes, always setting the Pd -innerelectrode as the cathode (−). After a 1 h treatment at a voltage of 30 V, the capillary tube and the Pd wire were removed from the cell carefully. The inner solution was drawn out with the syringe and the tube was dried at 80°C under dynamic vacuum before carefully removing the wire to avoid scratching off the CNT coating.
SAMPLES CHARACTERIZATION
The obtained samples were characterized by Scanning Electron Microscopy (SEM, JEOL JSM-840), with an acceleration voltage of 15 kV. The capillary segments were cut with a scalpel blade in order to uncover the inner surface of the capillary. Samples were sputtered with a thin gold layer prior to analysis. Thermal analyses of the synthesized samples were performed in a differential scanning calorimetry-thermogravimetric analysis (DSC-TGA) equipment (TA Instruments, SDT Q-600) coupled to a mass spectrometer (Thermostar, Balzers, GSD 300 T3). Approximately 10 mg of each sample were heated up to 940°C (heating rate of 10°C min −1 ) under an air flow rate of 100 mL min −1 . It must be noted that the polyimide coating of the fused silica was burned off prior to deposition of the MWCNTs for the sample to be suitable for thermogravimetric analysis. The quantification of the amount of CNT loaded in the inner surface of the capillary was estimated by determination of the CO 2 evolved at high temperature during the experimental run, which was possible thanks to calibration of the 44 m/e − line by thermal decomposition of calcium oxalate. To avoid any interference, a dwell time of 60 min www.frontiersin.org was applied during the TG-MS experiments when the temperature reached 450°C in order to ensure a complete removal of the DPDMA surfactant, which decomposes under oxidative thermal treatment at temperatures lower than 400°C.
RESULTS
MWCNT SUSPENSION ANALYSIS
As detailed in the Materials and Methods section, in order to establish the concentration (milligram per milliliter) of the MWCNTs in water, the difference between the absorbance at 1300 nm (wavelength at which the baseline is taken) and 350 nm was used. According to our results, the use of a switchable polymer allowed for the preparation of suspensions containing up to 0.3 1 mg mL −1 in water. This value is lower than that reported in our previous work (Sanchís et al., 2014) , where we used MWCNTs functionalized using ammonium persulfate (reaching concentrations of 0.9 mg mL −1 ) or functionalized MWCNTs decorated with polymer-protected Pd nanoparticles (reaching concentrations of 3.9 mg mL −1 ). However, it must be noted that, using this method, aggressive oxidation treatments that may damage the CNT or metal nanoparticles are not necessary to achieve the CNT suspensions. Nevertheless, the concentrations reported in this work are within the same range as other publications, which have studied the preparation of CNT inks (Thomas et al., 2005; Bravo-Sanchez et al., 2010) . Figure 3 shows the UV-Vis-NIR spectra of two different stable CNT dispersions analyzed in the present study, where the peak appearing at 220 nm corresponds to the absorption band of the surfactant DPDMA. The first suspension corresponds to the pristine MWCNT suspension obtained using a 0.5 mM solution DPDMA [Steps (1) to (5) in Section "Preparation of MWCNTs Suspension" of the present manuscript], and the second corresponds to the same suspension after undergoing evaporation in a rotavapor [Steps (1) to (7) in the aforementioned section]. The spectra clearly show that the concentration step has a beneficial effect in terms of MWCNT concentration in the suspension.
MICROSCOPY ANALYSIS
In order to establish whether the MWCNTs had been successfully deposited on the inner surface of the capillaries to a significant degree, the samples were taken to an optical microscope (Leyca Frontiers in Materials | Carbon-Based Materials EZ4 HD). Figure 4 shows an image of the capillaries before (bottom) and after (top) undergoing electrochemically assisted deposition. The differences between the pristine and MWCNTcoated capillary clearly stand out as the top capillary has a gray matte appearance whereas the bottom capillary appears transparent and glossy, which evidences the deposition of the MWCNT coating. The homogeneity of the gray area may be taken as an indicative of the homogeneity of the coating.
In order to better appreciate the coverage of the carbon nanotube coating, the samples were analyzed by SEM. Figure 5 shows two representative images of the inner surface of the silica capillary after undergoing electrochemically assisted deposition. The images clearly show that despite the fact that some of the surface of the capillary is not completely coated with CNTs, the coating appears to be homogeneous. As we reported in our previous work, given that the deposition mechanism is based on the bundling of the MWCNTs upon destabilization of the suspension, it is very difficult to avoid the appearance of CNT bundles on the surface of the capillary. By microscopy analysis, we have established that the CNTs cover a large fraction of the capillary surface, without a FIGURE 4 | Optical microscopy image of the pristine silica capillary before (bottom) and after (top) undergoing EPD using a MWCNT suspension as described in the Materials and Methods section. Note that the orange polyimide coating covering the outer surface of the capillary has been burned off.
significant presence of large bundles, which may clog the capillary. From the presented representative optical and SEM images, the coating is largely homogeneous, with a few visible bundles whose size is always within the scale of a few microns. When the experiments were performed without activating the surfactant, a sparse deposit of large CNT bundles was observed, which corroborates that activation of the surfactant covering the CNTs is essential for the efficient deposition of CNT coatings.
TG-MS EXPERIMENTS
While electron microscopy offers significant qualitative information about the degree of immobilization and distribution of CNTs on the silica walls, quantification of the amount of CNTs inside the capillary becomes a necessity in order to verify the usefulness of the deposition method reported in this work. Thus TG-MS experiments were performed under air atmosphere. As the flexible polyimide coating, which is found on the silica capillary, could also be oxidized at the same temperature range of the CNTs (results not shown), its removal was deemed critical to avoid any misleading results. In order to do this, the electrochemically assisted deposition was performed as described previously, but using a silica capillary tube where the polymer coating had been carefully burned off with a conventional flame burner. After deposition, the capillary tube sample was crushed into small segments in an agate mortar. The conditions and the equipment for TG-MS were the same as for those described in the Materials and Methods section, using synthetic air as sweep gas (H 2 O and CO 2 <5 ppm). As Figure 6 clearly shows, a clear increase for the CO 2 MS-signal is observed in the region between 600 and 800°C, corresponding to the burn-off of the carbon material. A control experiment performed with a polyimidefree capillary tube in the absence of the CNT deposit clearly shows that the previously found CO 2 desorption must be due to the combustion of the CNT coating (Sanchís et al., 2014) . The area under the peak was quantified giving a 0.072 wt% for the CNT deposit related to the total mass of the coated capillary tube. Following our previous study (Sanchís et al., 2014) , this value would represent that the method reported in this study can deliver a coating of MWCNT with an estimated thickness of 10 monolayers. It is remarkable that the amount of MWCNTs deposited within the capillary is thrice that reported by our group previously employing a CNT ink, which is significantly more diluted.
The stability of the MWCNT coating on the silica wall was tested under hydrodynamic conditions. These preliminary tests consisted in flowing water aliquots through the MWCNT-modified capillary tubes at a controlled rate (0.1 mL s −1 ) corresponding to a linear velocity within the capillary of 2 m s −1 . Each capillary segment was treated with approximately 10 3 times its inner volume. UVVis spectroscopic analysis of the water aliquots coming out of the treated capillary was employed in order to trace the possible leaching or washing-off of individual nanotubes or small bundles. The π-plasmon MWCNT characteristic signal centered at 245 nm was absent in all cases, suggesting that CNT concentration in the aliquot must fall below the detection limit of the technique, experimentally determined to be 10 ng mL −1 . According to these results, we can establish that CNT leaching does not take place to a significant extent (<0.5% wt. of CNT considering the sensitivity of the spectrophotometer and the concentration of the starting MWCNT suspension).
DISCUSSION
The main mechanism responsible for the stabilization of the CNTs in aqueous suspension is the ability of the surfactant employed in this study to favorably interact with the solvent. Given its structure (see Figure 1) , the long hydrophobic chain and the aromatic ring will most likely interact with the CNT structure, leaving the acetamidine function exposed to the solvent. As described in Liu et al. (2006) and Fowler et al. (2012) , depending on the pH the latter may become protonated (active) or deprotonated (inactive). In the former case, the active form involves an ionic species, which may interact with water, making the preparation of suspension of these polymer-protected MWCNTs possible, as illustrated in Figure 7 . Thus, upon deprotonation of the active acetamidine function, the surfactant becomes neutral and the MWCNTs in the suspension bundle together to minimize their surface energy. These bundles are no longer stable and thus deposition occurs. As a result, the mechanism is very similar to the one we already reported for functionalized MWCNTs (Sanchís et al., 2014) . It should be noted, however, that the procedure described in this manuscript does not require a lengthy or aggressive treatment for the carbon nanostructures. In addition, the amount of surfactant used is almost two orders of magnitude lower than other reports in which CNT suspensions were obtained by the use of surfactants (Bravo-Sanchez et al., 2010; García-Aguilar et al., 2014) . Considering that the concentration of the resulting suspensions is comparable to those reported in the literature, our approach to employ a pH-switchable surfactant opens up new possibilities in the field on CNT inks and thin films preparation.
Concerning the deposition of the CNTs in the inner surface of silica capillaries, confinement of the electrochemically assisted deposition space enhances the local pH shift by favoring hydroxyl diffusion from the surface of the Pd wire (acting as cathode) toward the suspension contained within the capillary, limiting proton diffusion to the electrolyte reservoir (located at the bottom of the cell, see Figure 2 ). This change in the local pH inside the capillary causes the CNTs to coagulate as the DPDMA adopts its neutral form, favoring the massive deposition of the newly formed aggregates on the capillary surface. This phenomenon is also extended to the surface of the Pd wire. This was evidenced by the fact that removing the wire from the inside of the capillary through the septum resulted in the formation of a dark spot around the hole in the septum caused by the CNTs removal by attrition with the septum orifice. After 1 h of electrochemical treatment, the capillary tube inner wall was nearly covered with a homogeneous CNT coating along the length of the fused-silica capillary, as revealed by SEM images in Figure 5 . Performing the deposition in cathodic conditions has the additional advantage that the deleterious formation of hydrogen peroxide, likely to happen during the oxidative decomposition of water, is avoided. Therefore, cathodic electrochemically assisted deposition is more conservative for the CNT integrity.
The TG analysis revealed that the amount of CNTs deposited on the inner surface of the capillary is enough to warrant a sufficiently functionalized silica surface (with its potential applicability in microreactor systems, for instance), with the added benefit that its cleaning may be easily done by flushing with an acidic aqueous solution, which could once again stabilize the DPDMA in its active form, making the MWCNTs water soluble again. To the best of our knowledge, this work pioneers the use of switchable surfactants to achieve an efficient dispersion of CNTs. In addition, the possibility to selectively induce aggregation of pristine CNTs in aqueous media and its utility in the generation of homogeneous deposits has been demonstrated for the first time. Furthermore, several important aspects concerning the electrodeposition method reported in this study should be highlighted: the thermal stability of the deposited CNTs, as compared to our previous study, has increased noticeably. Our result indicated that the MWCNTs functionalized using ammonium persulfate showed a burn-off temperature around 500°C (Sanchís et al., 2014) , whereas those treated with DPDMA show a TG curve (see Figure 6 ) with an onset temperature above 650°C. This stability derives from the fact that the MWCNTs were not subjected to any chemical treatment, which might give rise to the appearance of defects on the CNTs surface, thus making them more reactive. The downside to this enhanced thermal stability is the fact that the resulting MWCNTs-DPDMA mixtures show poorer dispersability in water than the same MWCNTs treated with ammonium persulfate, as evidenced by the lower concentration of the resulting inks (0.3 vs. 0.9 mg mL −1 ). Finally, it is remarkable that despite using a more dilute CNT suspension, the amount of carbon species deposited on the inner surface of the capillary tube is threefold higher than that obtained when using a suspension of functionalized CNTs. This may be derived from the fact that the stability of DPDMA-coated MWCNTs is much more sensitive to the pH shift than in the case of functionalized CNT. This can be easily explained since in the former case there is just one kind of pH-sensitive functional group (acetamidine) with a well-defined pKa value instead of a random distribution of O-containing groups with different pKa values. Therefore, when the deposition on the silica surface takes place, large bundles and aggregates may be formed due to a highly synchronous destabilization mechanism.
To sum up, we have reported for the first time the use of a pH-switchable surfactant for the stabilization of CNTs in aqueous suspension and the use of the resulting inks in the application of MWCNTs deposits in the inner surface of fused-silica capillary tubes by electrochemically assisted deposition. The procedure is simple, reproducible, and has the advantage that the amounts of surfactant needed are very low, yielding good CNT dispersions. The coatings obtained are homogeneous, stable, and present a very good coverage, which make the resulting systems very promising candidates for their use in microreactor set-ups or as stationary phases for advanced chromatography applications and for preparing thin films on different shaped supports.
